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Summary 

The  determination  of  inorganic  ions  in  cataractous  human 
lenses  has  been  the  subject  of  several  investigations;  neverthe¬ 
less,  few  studies  have  been  concerned  with  trace  element  con¬ 
tents  in  lenses,  and  data  are  sometimes  contradictory.  An  animal 
experimental  model  of  induced  cataract  is  here  proposed  with  the 
aim  of  evaluating  the  changes  of  Ca,  Na,  K,  Cu  and  Zn  concen¬ 
trations.  The  cataract  was  produced  by  an  Nd:  YAG  Laser  treat¬ 
ment  of  the  right  eye  of  sexteen  male  rabbits.  The  determination 
of  the  elements  was  performed  by  atomic  absorption  spectrome¬ 
try  (both  flame  and  flameless  methods)  after  an  acid  digestion  of 
samples.  Compared  with  the  results  obtained  in  left  lenses  used 
as  a  control  (Ca  14.4+5.7  mg/kg  d.w.;  Na  1.3±0.5  g/kg  d.w.;  K 
9.9±1.1  g/kg  d.w.;  Cu  0.24+0.09  mg/kg  d.w.;  Zn  24.8+2.3  mg/kg 
d.w.),  the  mean  concentration  values  of  opaque  lenses  showed 
some  significant  changes  for  Ca,  Na,  and  Cu  (Ca  123.7+106.6 
mg/kg  d.w.;  Na  4. 5+4. 3  g/kg  d.w;  Cu  0.43+0.21  mg/kg  d.w.).  Po¬ 
tassium  showed  a  tendency  to  decrease,  and  zinc  to  increase. 
Positive  correlations  were  found  between  calcium  and  sodium 
both  in  controls  (r=  0.73,  p<0.001 )  and  in  treated  lenses  (r=  0.87, 
p<  0.0001).  An  inverse  correlation  between  Ca  and  K  confirmed 
the  tendency  of  potassium  to  decrease. 
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Introduction 

The  determination  of  inorganic  ions  such  as  Ca,  K,  Mg  and 
Na  in  clear  and  cataractous  lenses  has  been  the  subject  of  sever- 
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al  studies  (1-3)  carried  out  with  the  aim  of  evaluating  the  role 
these  ions  have  in  the  mechanism  of  cataractogenesis.  The  data 
showed  that  the  formation  of  senile  cataract  is  strictly  associat¬ 
ed  with  the  impairment  of  the  permeability  of  the  eye  lens  mem¬ 
brane,  resulting  from  the  accumulation  of  calcium  and  sodium 
ions,  and  the  loss  of  potassium  (4-5).  These  observations  have 
been  also  confirmed  in  a  previous  study  by  the  present  authors 
(6).  The  information  reported  in  literature  regarding  the  levels 
of  trace  elements  in  cataractous  lenses  are  in  part  contradictory 
and  the  effective  role  of  inorganic  elements  still  needs  to  be 
clarified.  For  this  reason,  the  involvement  of  various  metals  in 
cataract  formation  is  currently  an  area  of  intensive  research. 

The  aim  of  the  present  work  was  to  evaluate  whether  an  an¬ 
imal  model  of  induced  cataract  would  cause  changes  in  the  min¬ 
eral  content  of  lenses.  This  would  represent  a  good  way  of  stud- 
ing  the  behaviour  of  the  elements  in  cataractous  lens,  overcom¬ 
ing  at  the  same  time  ethical  aspects  and  the  difficulty  of  obtain¬ 
ing  normal  human  lenses  to  be  used  as  controls.  Therefore, 
treatment  with  a  laser  was  used  to  produce  a  lenticular  photof¬ 
ragmentation  and,  consequently,  large  lens  opacities;  the  right 
eye  of  each  rabbit  was  treated,  while  the  left  eye  was  preserved 
clear  as  control.  The  concentration  of  Ca,  Na,  K,  Cu  and  Zn  was 
measured  both  in  clear  and  cataractous  eye  lenses  by  flame  (Ca, 
Na,  K,  Zn)  and  graphite  furnace  (Cu)  atomic  absorption  spec¬ 
trometry  (FAAS  and  GFAAS,  respectively).  The  elements  in¬ 
vestigated  were  chosen  because  of  their  role  in  ocular  tissues. 

Role  of  Ca,  Na,  K,  Cu  and  Zn  in  the  eye 

Calcium  plays  an  important  role  in  muscular  contraction, 
participating  in  mechanisms  which  involve  numerous  substanc¬ 
es,  such  as  myosin  and  actin  (7).  These  two  compounds  have 
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been  observed  in  both  corneal  epithelium  and  endothelium.  Cal¬ 
cium  is  also  necessary  for  calpain  and  calmodulin  reactivity.  In 
lenses,  the  concentration  of  Ca  represents  an  important  factor 
for  the  permeability  of  the  membrane  to  Na  ions  (8);  moreover, 
Ca  might  take  part  in  the  transformation  of  soluble  proteins  into 
insoluble  ones.  Maintenance  of  calcium  homeostasis  is  impera¬ 
tive  for  clarity  of  the  lens,  and  Ca2+-ATPase  is  essential  for  re¬ 
moval  of  cytosolic  calcium.  Membranes  are  deranged  in  cata- 
ractous  tissue,  which  should  lead  to  altered  levels  of  Ca  (9).  A 
prolonged  increase  of  the  element  concentration  would  be  ex¬ 
pected  to  activate  proteases,  such  as  calpain,  and  so  could  in¬ 
duce  unexpected  and  irreversible  breakdown  of  important  struc¬ 
tural  proteins  (10).  Sodium  and  potassium  participate  in  the 
metabolic  processes  of  the  lens  by  activating  (K)  or  inhibiting 
(Na)  the  corresponding  enzymes.  Sodium  also  attracts  water 
and  Cl  ions,  thus  disturbing  the  osmotic  balance  (2).  Zinc  is 
present  in  relatively  high  concentrations  in  the  choroid  and  the 
retina.  It  is  believed  that  its  main  function  in  the  eye  is  to  keep 
the  retina  in  position.  Zinc  also  plays  an  important  role  in  vision 
as  it  actives  the  retinene  reductase  enzyme  (11).  Many  enzymes 
contain  zinc  and  their  activity  decreases  as  senile  cataract  devel¬ 
ops;  on  the  otherhand,  high  levels  of  zinc  in  traumatic  cataract 
indicate  a  moderate  disturbance  of  crystalline  lens  metabolism, 
as  compared  with  senile  cataract  (12).  The  presence  of  Cu  in 
lens  tissue  is  metabolically  required  for  both  transparency  and 
the  proper  functioning  of  the  cytochrome  oxidase  and  coen¬ 
zyme  A-dehydrogenase  systems.  It  also  plays  an  important  role 
in  the  oxidation  scavenging  reactivity  of  Cu,  Zn-SOD. 

Materials  and  Methods 

Housing  and  treatment  of  animals 

Sixteen  male,  twenty-  week  old,  New  Zealand  rabbits,  sup¬ 
plied  by  Gennari  (Rieti,  Italy),  weighing  3.2±0.38  kg,  were 
housed  according  to  the  EEC  609/86  Directive  regulating  the 
welfare  of  animals.  All  the  rabbits  were  checked  before  starting 
the  experiment  to  exclude  the  presence  of  natural  opacity  in 
the  lenses,  and  were  monitored  clinicaly  through  out  the  study. 

The  right  eye  of  each  rabbit  was  treated  with  a  Nd:  YAG  la¬ 
ser  (Microruptor  II).  The  laser  parameters  applied  were:  energy 
28.3  mj/pulse;  no.of  pulses/spot:  2;  no.  of  spots:  35.  The  treat¬ 
ment  was  performed  under  total  anaesthesia  induced  by  intra¬ 
muscular  injection  of  Chloropromazine  (Largactil  0.5  ml).  Ket¬ 
amine  (Ketalar  50  mg,  3  ml),  and  2%  Xilocaine  (1  ml).  The  pho¬ 
tofragmentation  was  performed  from  the  lower  sectors  of  the 
posterior  cortex  towards  the  nucleus  and  the  anterior  cortex. 
During  treatment,  special  attention  was  paid  to  avoid  damage  to 
the  anterior  or  posterior  capsule  of  the  lenses;  none  of  treated 
animals  showed  signs  of  phlogosis  of  the  anterior  segment  or 
increase  im  ocular  pressure.  The  left  eye  of  each  rabbit  was  pre¬ 


served  as  as  individual  control.  After  treatment  the  animals 
were  housed  for  a  further  45  days. 

Lens  collection 

All  animals  were  sacrificed  under  anaesthesia  by  cardiac 
puncture  (Tanax)  and  the  eye  lenses  were  carefully  dissected 
from  the  globe,  avoiding  contamination.  The  specimens  were 
immediately  transferred  to  polyethylene  vials  (pre-treated  with 
nitric  acid  1%  v/v  and  ultrapure  water),  and  frozen  at  -20°  C 
until  analysis. 

Sample  treatment 

Prior  to  analysis,  the  lenses  were  dried  at  103±2°C  to  deter¬ 
mine  the  water  content.  Each  sample  was  initially  digested  in  a 
quartz  tube  on  a  hot  plate  thermoregulated  at  100°C,  using  2  ml 
of  concentrated  HNO,  After  lens  dissolution,  the  temperature 
of  the  hot  plate  was  increased  to  150°C  in  order  to  evaporate  the 
solution  to  about  half  of  its  volume;  this  step  required  about  15- 
20  min.  Two  further  aliquots  (2  ml)  of  HN03  were  added  until  a 
colourless  solution  was  obtained.  After  most  of  the  acid  had 
evaporated  and  approximately  200  ml  remained  in  the  bottom 
of  the  tube,  the  digestion  was  stopped  to  prevent  evaporation  to 
dryness.  After  cooling,  the  volume  of  the  solution  was  increased 
to  3  ml  with  high-purity  water.  To  avoid  contamination,  all  the 
operations  were  performed  under  controlled  conditions  (clean 
room). 

Reagents  and  standard  solutions 

All  reagents  used  in  the  study  were  of  Suprapur  type  (Mer¬ 
ck,  Darmstad,  Germany).  Calibrants  for  the  determination  of 
elements  were  prepared  daily  from  certified  1  g/1  Merck  com¬ 
mercial  solutions.  ASTM  type  I  high-purity  water  was  used 
with  a  background  resistivity  of  not  less  than  16.6  megaohms- 
cm  (<  0.06  |j.s/cm)  (Labconco,  USA). 

Instrumental 

The  determinations  of  Ca,  Na,  K,  and  Zn  were  performed 
using  the  air-acetylene  FAAS  technique,  whereas  the  GFAAS 
technique  was  employed  for  the  analysis  of  Cu.  A  Perkin-Elmer 
5 1 00  Zeeman  spectrometer  was  used  in  both  flame  and  flame¬ 
less  modes.  In  the  first  method,  the  background  correction  was 
obtained  by  continuum  source  correction  systems  (deuterium 
and  tungsten  lamps).  In  the  flameless  measurements  a  HGA  600 
graphite  furnace  and  an  AS-60  autosampler  were  employed. 
The  calcium,  sodium  and  potassium  determinations  were  per¬ 
formed  in  a  0.1%  lanthanium  solution  to  prevent  either  phos¬ 
phate  or  ionization  interferences.  In  the  analysis  of  copper,  ma¬ 
trix  modification  was  obtained  by  means  of  addition  of 
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NH4H2P04  (5jxI  of  a  60  g/L  solution).  The  quantification  was 
done  against  a  calibration  curve;  nevertheless,  the  standard  ad¬ 
dition  method  was  also  employed  in  order  to  verify  the  validity 
of  the  calibration  procedure.  In  all  measurements,  the  sample 
dilution  ratio  was  made  so  as  to  remain  within  the  linear  range 
of  the  analytical  response.  All  determinations  were  made  in  trip¬ 
licate  and  the  results  averaged.  The  instrumental  parameters 
adopted  are  reported  in  Tables  1-2. 

Data  on  quality  control  tests 

In  order  to  evaluate  recovery  and  precision  of  the  analyses, 
some  clear  rabbit  lenses  not  included  in  the  analytical  protocol 
were  mixed  to  form  a  larger  sample.  Sub-samples  were  spiked 
with  suitable  amounts  of  the  elements  investigated.  The  mean 
recoveries  were:  Ca,  97.2%;  Na,  96.4%;  K,  94.1%;  Cu,  93.7%; 
Zn,  107%.  The  coefficients  of  variation,  with  respect  to  the  en¬ 
tire  procedures,  were:  Ca,  7%;  Na,  6%;  K,  7%;  Cu,  8%;  Zn, 
5%.  In  addition,  a  SRM  909b  (lyophilized  serum)  reference 
material  from  NIST,  certified  for  Ca,  Na  and  K,  was  also  ana¬ 
lyzed  using  the  same  procedure  as  applied  to  the  samples.  The 
accuracies  were:  Ca,  97.7%;  Na,  97.4%;  K,  96.8%.  The  detec¬ 
tion  limits  (whole  procedure)  were  (mg/kg):  Ca  0.9;  Na  2.5;  K 
2.5;  Cu  0.009;  Zn  1.5. 

Statistical  analysis 

The  statistical  analysis  involved  several  tests,  such  as  the 
analysis  of  variance,  Student’s  t-test  for  paired  data,  the  Kol- 
mogorov-Smirnov  test,  and  matrix  correlation. 


Results  and  discussion 

All  the  animals  survived  the  experiment  and  developed  var¬ 
ying  degrees  of  opacity  of  the  crystalline  lenses  as  early  as  ten- 
days  after  treatment.  Nevertheless,  housing  of  the  animals  for  a 
further  45  days  permitted  a  complete  evolution  of  confluent 
opacities  both  cortical  and  nuclear;  none  of  the  controls  devel¬ 
oped  opacity  until .  The  energy  of  the  YAG  laser  treatment  was 
quite  high  when  compared  to  the  energy  clinically  used,  but  this 


Table  1.  Ca,  Na,  K,  and  Zn  determinations:  FAAS  analysis  param¬ 
eters 


Element 

Wavelength  Slit 
(nm)  (nm) 

Airflow 

(L/min) 

C2H2flow 

(L/min) 

Sensitivity 

(mg/L) 

Ca 

422.7 

0.7 

2.5 

9.0 

0.09 

Na 

589.0 

0.4 

2.2 

9.5 

0.01 

K 

766.5 

1.4 

2.5 

7.5 

0.04 

Zn 

213.9 

0.7 

3.0 

9.0 

0.02 

Table  2.  Cu  GFAAS  determination:  furnace  parameters 


Step 

Temperature 

(°C) 

Ramp  Time 
(s) 

Hold  Time 
(s) 

Gas  Flow 
mL/min 

Drying  I 

160 

10 

10 

300 

Drying  II 

250 

10 

10 

300 

Ashing 

900 

20 

10 

300 

Atomizing 

2550 

0 

5 

0 

Cleaning 

2650 

1 

5 

300 

Cooling 

20 

1 

10 

300 

Gas  Flow:  Argon  UPP.  Tube:  pyrocoated  with  l’Vov  platform,, 
Wavelenght  324.8  nm,  Slit:  0.7  nm,  Sensitivity  (characteristic 
mass):  8.0  pg /  0.0044  A-s) 


was  necessary  to  obtain  the  effect  expected  on  the  lenses.  The 
energy  was  experimentally  chosen  by  gradually  increasing  its 
value  until  a  lesion  appeared  (a  large  blister  of  cavitation). 

The  general  results  obtained  for  Ca,  Na,  K,  Cu,  and  Zn  are 
reported  in  Table  3.  Data  are  expressed  on  the  basis  dry  weight. 
Table  4  reports  mean  concentration  values  both  for  treated  eyes 
and  controls.  The  values  of  blanks,  calculated  for  each  sample, 
resulted  always  close  to  or  below  the  detection  limits  of  the 
method  (whole  procedure). 

Table  3.  Ca,  Na,  K,  Cu  and  Zn  content  (d.w.)  in  normal  and  opaque 
lenses  of  rabbit 


Rabit  h 

Ca 

mg/Kg. 

Na 

g/Kg 

K 

g/Kg 

Cu 

mg/Kg 

Zn 

mg/Kg 

1R 

179 

6.0 

8.3 

0.40 

25.8 

1L 

10.5 

0.8 

9.5 

0.18 

23.5 

2R 

55.6 

1.3 

11.1 

0.33 

25.0 

2L 

11.2 

1.1 

9.2 

0.09 

28.1 

3R 

79.7 

1.6 

8.0 

0.49 

23.4 

3L 

15.5 

1.3 

9.2 

0.32 

23.9 

4R 

301 

15.9 

9.4 

1.02 

28.3 

4L 

6.5 

0.9 

13.4 

0.28 

28.1 

5R 

48.5 

1.5 

8.7 

0.32 

26.2 

5L 

17.5 

1.4 

9.2 

0.27 

26.2 

6R 

71.9 

8.3 

9.0 

0.44 

24.1 

6L 

8.8 

1.3 

9.2 

0.79 

29.2 

7R 

280 

8.4 

2.4 

0.17 

20.3 

7L 

21.6 

1.8 

9.3 

0.26 

19.7 

8R 

82.0 

2.2 

7.3 

0.45 

25.5 

8L 

15.1 

1.5 

9.0 

0.41 

23.4 

9R 

14.2 

1.2 

10.5 

0.27 

28.9 

9L 

25.5 

2.1 

10.4 

0.29 

25.5 

10R 

98.9 

1.7 

10.9 

0.43 

27.7 

10L 

16.1 

2.7 

10.8 

0.24 

25.8 

HR 

320 

10.1 

7.2 

0.46 

21.8 

11L 

8.7 

0.7 

9.6 

0.09 

23.6 

12R 

43.4 

1.2 

9.8 

0.31 

25.9 

12L 

12.8 

1.0 

10.0 

0.21 

25.3 

13R 

247 

9.0 

8.0 

0.62 

25.2 

13L 

11.7 

0.9 

9.8 

0.23 

24.6 

14R 

20.0 

0.9 

9.5 

0.25 

24.7 

14L 

25.2 

1.9 

9.8 

0.32 

23.8 

15R 

16.0 

0.9 

11.1 

0.22 

24.6 

15L 

13.9 

1.2 

10.4 

0.23 

23.9 

16R 

122 

2.1 

12.1 

0.67 

28.3 

16L 

10.3 

0.8 

10.3 

0.23 

23.7 
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As  for  control  specimens,  the  concentrations  of  potassium 
and  zinc  showed  a  coefficient  of  variation  close  to  that  of  the 
analytical  methods,  whereas  calcium,  sodium  and  copper  exhib¬ 
ited  a  greater  variance,  probably  due  to  biological  differences. 
Within  the  variability  observed,  a  highly  significant  correlation 
(r=  0.73,  p<  0.001)  was  found  between  Na  and  Ca  in  controls 
(Figure  1);  this  correlation  is  explained  by  a  direct  interdepend¬ 
ence  between  these  two  elements  and  the  differences  in  lens 
membrane  potential  (13,14).  The  concentration  of  the  elements 
studied  showed  the  same  order  of  magnitude  as  that  reported  for 
human  lenses  (6,  13,14). 

With  exception  of  zinc,  large  values  of  standard  deviation 
were  generally  observed  in  opaque  lenses  (e.g.  Ca=  86%)  and 
they  were  statistically  higher  than  those  calculated  for  normal 
lenses;  this  could  be  attributable  to  a  different  individual  re¬ 
sponse  to  the  treatment. 

In  spite  of  the  large  standard  deviation  values  generally  ob¬ 
served  in  opaque  lenses,  significant  changes  in  the  concentra¬ 
tions  of  some  elements  occurred  after  laser  treatment  (Tab.4). 
Calcium,  sodium  and  copper  concentrations  significantly  in¬ 
creased  (Ca:  p<0.001;  Na:  p<0.01;  Cu:  p<0.04),.  In  particular, 
calcium  and  sodium  in  opaque  lenses  were  higher  than  in  con¬ 
trols  by  a  factor  of  8.6  and  3.5,  respectively,  copper  was  higher 
by  a  factor  of  1.8. 

A  significant  correlation  between  Na  and  Ca  also  occurred 
in  treated  lenses  and  was  characterized  by  better  parameter  val¬ 
ues  (r=  0.87,  p<  0.0001)  (Figure  2). 

Non-significant  differences  between  treated  and  control 
lenses  were  observed  both  for  zinc  and  potassium;  however,  the 
concentration  of  potassium  showed  a  tendency  downwards, 
also  suggested  by  a  weak  inverse  correlation  observed  between 
calcium  and  potassium  (r=  -0.56,  p<  0.02)  (Figure  3). 

Our  results  are  mostly  in  agreement  with  those  reported  by 
other  authors  (2,  4-6,  10)  who  determined  the  same  elements 
both  in  cataractous  and  normal  human  lenses.  In  general, 
among  the  elements  studied,  calcium  was  most  strongly  influ¬ 
enced  by  the  treatment.  This  finding  agrees  with  research  car¬ 
ried  out  by  other  authors  (14-16)  who  had  observed  that  calcium 


Table  4.  Mean  concentration  (d.  w. lvalues  of  Ca,  Na,  K,  Cu  and  Zn 
in  normal  and  opaque  lenses 


Normal  lenses 

Opaque  lenses 

P< 

Ca  (mg/kg) 

14.4  +  5.7 

123.7  +  106.6 

0.001 

Na  (g/kg) 

1.3  ±0.5 

4.5 +  4.3 

0.01 

K(g/kg) 

9.9  +  1. 

8.9 +  2.3 

n.s. 

Cu  (mg/kg) 

0.24  ±  0.09 

0.43+0.21 

0.04 

Zn  (mg/kg) 

24.8  ±  2.3 

25.3  ±  2.3 

n.s. 

d.w.  =  dry  weight;  n.s.  =  not  significant 


Figure  1.  Regression  of  calcium  (mg/Kg  d.w.)  and  sodium(g/Kg 
d.w.)and  sodium(g/Kg  d.w.)  in  controls. (Dashed  lines  show  confi¬ 
dence  intervals  of  95%  and  99%). 

is  an  element  particularly  involved  in  the  mechanism  of  opacity 
formation  in  the  process  of  cataractogenesis.  Furthermore,  they 
noticed  that  an  increase  of  Na  and  a  loss  of  K  do  not  produce 
lens  opacity  if  the  calcium  concentration  remains  within  normal 
values;  on  the  otherhand,  an  increase  in  calcium  concentration, 
coupled  with  an  imbalance  of  Na  and  K,  brings  about  a  patho¬ 
logical  condition. 

From  the  analytical  point  of  view,  the  method  adopted  was 
suitable  for  this  kind  of  study.  The  procedure  of  sample  diges¬ 
tion  is  easy  and  does  not  require  complex  equipment.  As  regards 
copper  determination,  the  results  calculated  by  means  of  a  cali¬ 
bration  curve  did  not  differ  statistically  from  those  obtained  by 
applying  the  standard  addition  method,  which  means  that  the 


Na  (treated  tenses) 

Figure  2.  Regression  line  of  calcium  (mg/Kg  d.w.)  and  sodium  (g/ 
Kg  d.w.)  in  treated  lenses.  (Dashed  lines  show  confidence  intervals 
of  95%  and  99%). 
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Figure  3.  Regression  line  of  calcium  (mg/kg  d.w.)  and  Potasium  (g/ 
kg  d.w.)  in  treated  lenses.  (Dashed  lines  show  confidence  intervals 
of  95%  and  99%). 

choice  of  matrix  modifier  and  furnace  instrumental  setting  was 
correct. 


Conclusions 

The  results  indicate  that  the  experimental  model  proposed 
can  be  used  to  induce  lens  opacity  in  animals,  that  it  is  suitable 
for  studying  aspects  of  cataractogenesis  and,  at  the  same  time, 
provides  both  control  and  treated  specimens  from  the  same  indi¬ 
vidual.  Therefore,  as  compared  with  other  animal  protocols 
(17,18)  based  on  cataracts  induced  by  administration  of  chemi¬ 
cal  substances  (e.g.,  Na2SeO,),  it  offers  the  advantage  that  re¬ 
sults  are  less  influenced  by  biological  variability.  Moreover,  our 
model  overcomes  the  ethical  aspects  entailed  by  the  use  of  hu¬ 
man  material  for  experiments,  and  the  great  difficulty  in  finding 
transparent  lenses  to  be  used  as  controls. 
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